Abstract-To study the effects of metals on starfish in field conditions, immune responses were measured in starfish from natural populations along a metal pollution gradient (long-term contamination) and in starfish that were transferred up the gradient (shortterm contamination). Coelomic amoebocyte concentration (CAC) and production of reactive oxygen species (ROS) by amoebocytes were measured in two varieties of Asterias rubens occurring in the fjord: The black variety which lives only in the low salinity upper waters (22-26‰) and the red variety which live both in the upper layer and in the deeper layer characterized by a salinity close to that of seawater (30‰). The studied immune responses were stimulated in starfish living along the metal pollution gradient according to the contamination of these starfish by cadmium. However, the sensitivity of these responses toward metals appeared to be strongly modulated by the salinity stress. In red starfish living at 30‰ and transferred up the contamination gradient, the immune responses were inhibited and closely followed the short-term accumulation of metals in the animal organs. Starfish transferred down the gradient did not recover normal immune responses in the short-term and appeared highly sensitive to caging stress. It is suggested that the impact of metals on the immune responses of A. rubens in field conditions occurs in three phases. Short-term inhibitory effects are exerted by a direct action of metals on the immune cells and are followed by a recovery due to the induction of protective mechanisms. Eventually, when these mechanisms are overwhelmed by a long-term contamination, indirect and durable stimulatory effects on the immune responses appear due to a global disruption of the animal physiology.
INTRODUCTION
This article is the second part of a study investigating, in the field, the contamination of Asterias rubens by metals and the effects of these on the starfish, taking advantage of the gradient of metal contamination occurring in the Sørfjord, in Norway (see [1] ). This fjord shows a vertical salinity stratification with an upper layer at low salinity and a deeper layer whose salinity is close to that of seawater. Two color varieties of A. rubens occur in the fjord. The black form is restricted to the low salinity layer and is supposed to be adapted to this environment while the red form is found in both layers [1] .
In this article, we focus on the effects of metals on the immune responses of starfish that were experimentally transferred along the gradient (thus submitted to short-term metal contaminations) on the one hand, and on starfish sampled from populations that naturally occur along the fjord (thus submitted to long-term metal contaminations) in different salinity layers, on the other hand.
Echinoderms rely on humoral and cellular mechanisms to defend themselves from foreign material. The main cell type involved in echinoderm immunity is the amoebocyte, a class of circulating coelomic cells [2] . Amoebocytes participate in numerous functions such as the encapsulation of large bodies, the phagocytosis of particulate matter, and the concomitant production of reactive oxygen species (ROS) [2] . The latter process is an efficient cytotoxic mechanism taking part in the destruction of pathogens or senescent cells. The production of ROS occurs by the activation of a membrane-bound enzyme, the nicotinamide adenine dinucleotide (phosphate) (NAD(P)H)-oxidase, which reduces molecular oxygen to superoxide anions (.O 2 Ϫ ) [3, 4] . This very reactive free-radical may transform in several other oxidant molecules such as hydrogen peroxide, peroxinitrite, hydroxyl radical, or singlet oxygen. These reactive species constitute a highly destructive mechanism toward a wide range of macromolecules such as DNA, structural proteins, or enzymes [5] . Although metals have been demonstrated to affect the immune responses of several invertebrates, almost no information is available concerning the impact of these contaminants in echinoderms despite the ecological importance of this group. The goal of this study was to investigate the effects of metals on the concentration of, and the ROS production by, starfish amoebocytes in field conditions.
MATERIAL AND METHODS

Study area and sampling sites
The exact location and characteristics of the four selected sampling sites (S1 to S4) along the Sørfjord (Norway) are given in Coteur et al. [1] . These sampling sites are located along a gradient of metal contamination in both the sediments and the starfish, S1 being highly polluted and S4 relatively unpolluted [1] . The relative positions of the S2 and S3 stations in these gradients depend on the considered metal.
Contamination gradient study
Three groups of starfish were considered separately for this study: Red starfish collected at high salinity (29-31‰, subsequently termed R30); red starfish collected at low salinity (22-26‰, subsequently termed R22-26) and black starfish collected at low salinity (22-26‰, subsequently termed B).
Ten starfish of each group were collected in each of the four stations as described in Coteur et al. [1] and immediately tested for coelomic amoebocyte concentration (CAC) and ROS production (as described below). Five of these starfish were then dissected and two body compartments (pyloric caeca and body wall) were prepared for metal analysis (results are presented in [1] ).
Experimental contamination and decontamination
Translocations of starfish from the reference site S4 to the most contaminated site S1 (contamination) and vice versa (decontamination) were undertaken with R30 starfish (including caging controls in the site of origin) as described in Coteur et al. [1] . Ten starfish were collected for each treatment group at regular time intervals and assayed for immune responses. Each time, five of the ten starfish were dissected and two body compartments (pyloric caeca and body wall) were prepared for metal analysis (results are presented in Coteur et al. [1] ).
Coelomic amoebocyte concentration and reactive oxygen species production
The stress of collecting amoebocytes is sufficient to trigger a background production of ROS; this is a measure of the intrinsic ability of unstimulated amoebocytes to produce ROS. On the other hand, ROS production is triggered in amoebocytes stimulated by bacteria which allows for assessment of the responsiveness of these cells toward foreign material through the binding of membrane receptors [6] . Reactive oxygen species production by amoebocytes was measured by the peroxidase, luminal-enhanced chemiluminescence method developed by Coteur et al. [6] . Briefly, 3 ml of coelomic fluid were collected in an equal volume of anticoagulant buffer. The cell concentration was measured (by measuring the absorbance at 280 nm), allowing the calculation of the CAC. This suspension was then centrifuged and eventually resuspended in Ca 2ϩ , Mg 2ϩ -free artificial seawater as to obtain an amoebocyte concentration of 10 6 cells ml
Ϫ1
. A stock solution of luminol and horseradish peroxidase in dimethyl sulfoxide was freshly diluted 100-fold in artificial seawater (final concentrations of horseradish peroxidase and luminol were, respectively, 5 ϫ 10 Ϫ1 mg/ml Ϫ1 and 2.5 ϫ 10 Ϫ1 mg/ml
). The reaction started by adding 80 l of amoebocyte suspension in 100 l of luminol/horseradish peroxidase solution and 20 l of a bacteria suspension (Micrococcus luteus, 2.5 ϫ 10 9 bacteria ml
, for stimulated ROS production) or 20 l of artificial seawater (for unstimulated resting ROS production) in wells of a white 96-wells microplate (Lumitrac, Greiner, Wemmel, Belgium) that was subsequently placed at 13ЊC. The chemiluminescence was measured (integration time per well: 0.5 sec, photomultiplier gain: 80) every 10 min over a 2-h period on a Spectrafluor Plus Luminometer (TECAN, Mechelen, Belgium). Results are expressed as the sum of all 10-min interval measurements for 10 6 cells/ml Ϫ1 (total chemiluminescence) for resting or bacteria-stimulated amoebocytes.
Statistical analysis
Differences in immune responses between the three starfish groups in uncontaminated conditions (i.e., in S4) were tested by analysis of variance (ANOVA) followed, when significant, by Tukey multiple comparison tests [7] .
For the contamination gradient study, differences in starfish immune responses between sampling sites were tested by AN-OVA followed, when significant, by two-sided Dunnett tests (using S4 as control). In order to study the relationship between immune responses and metal contamination of the starfish, these variables were used in factorial analyses based on the principal components method with an extraction matrix of correlation coefficients and the varimax method of factor rotation [8, 9] .
For the contamination and decontamination experiments, differences between caging controls and the day 0 control (namely, the effect of caging the starfish) were tested by AN-OVA followed, when significant, by two-sided Dunnett tests. Differences between caging controls and experimental starfish at each exposure time (namely, the effect of contamination) were tested by Student t-tests (using separate variances) [7] . For the contamination experiment, metal concentrations and immune responses (measured for experimental and control starfish) were used in a factorial analysis [9] .
All analyses were performed using the Systat software [9] . The significance level was set at ␣ ϭ 0.05.
RESULTS
Immune responses of starfish in the reference site (S4)
The production of ROS by unstimulated amoebocytes was similar for all three groups of starfish in S4 (p ANOVA ϭ 0.450) (Fig. 1a) . However, when amoebocytes were stimulated by bacteria, ROS production was higher for black starfish compared to both groups of red starfish (p Tukey Յ 0.027) (Fig. 1a) . The concentration of amoebocytes in the coelomic fluid (CAC) was similar for the three groups of starfish (p ANOVA ϭ 0.262) (Fig. 1b) .
Contamination gradient study
The immune responses of the three starfish groups were studied along the gradient of metal contamination from the head (S1) to the mouth (S4) of the fjord. The R30 starfish presented increased stimulated and unstimulated ROS production in S1 compared to the reference site S4 (p Dunnett Յ 0.007) (Figs. 2a and 2b). Additionally, the bacteria-stimulated ROS production (but not the unstimulated resting production) was also significantly higher in S3 compared to S4 (p Dunnett ϭ 0.023). Similarly, the CAC in these starfish was increased in S1 compared to the reference site (p Dunnett ϭ 0.012) (Fig. 2c) .
The R22-26 starfish had significantly higher resting and stimulated amoebocyte ROS production in S2 than in S4 (p Dunnett Յ 0.008) (Figs. 2a and 2b). No significant difference was found in the CAC in the three stations compared to S4 (p ANOVA ϭ 0.395) (Fig. 2c) .
Neither the stimulated ROS production, nor the CAC of B starfish, showed significant differences compared to S4 (p ANOVA ϭ 0.172 and 0.817, respectively) (Figs. 2b and 2c). The analysis of variance for the resting ROS production was significant (p ANOVA ϭ 0.047) but no pairwise difference was detected with the Dunnett's test (the S2-S4 comparison showed a probability of 0.059) (Fig. 2a) .
The relationship between immune responses and metal contamination in each starfish group was studied by factorial analysis. The amoebocyte ROS productions of B starfish were located on the factor 1 axis while most metal concentrations in these starfish were found on the factor 2 axis ( Fig. 3a ; 54.4% of the total variance are explained by these two factors). However, copper and cadmium concentrations showed some relationships with ROS production. When these specific relationships were studied in more detail using regression analysis, they were found to be not significant (data not shown). The CAC was located near the origin of the axes indicating that the first two factors do not explain a large part of the variance associated to this parameter (Fig. 3a) . Similarly, the ROS production of R22-26 starfish and most metal concentrations in their organs were located on different axes (Fig. 3b, 54 .8% of the total variance are explained by the first two factors) indicating an absence of relationship between these parameters. However, the concentrations of cadmium in the pyloric caeca and body wall fell on the second axis, opposite from the ROS production parameters (Fig. 3b) . The specific relationships between ROS production and cadmium contaminations were not significant using regression analysis (data not shown). The two factors poorly accounted for the variance associated with the CAC.
The immune responses of R30 starfish and the concentration of some metals (mainly Cd and Pb) in the starfish organs all fell on the first axis indicating positive links between these variables (Fig. 3c, 65 .7% of the total variance of the data are explained by the first two factors). These links were found to be significant using regression analysis (data not shown). In contrast, copper and zinc concentrations in the pyloric caeca were found along the second axis and are thus not related to the immune responses (Fig. 3c) . G. Coteur et al. Fig. 3 . Relationships between immune responses and metal concentrations in the organs of starfish sampled along the pollution gradient in the Sørfjord. All variables (black dots indicate immune responses; white dots, metal concentrations) were used in a factor analysis using the principal component method. Plot of factor loadings for each variable (n ϭ 20) of (a) B starfish, (b) R22-26 starfish, and (c) R30 starfish. PC ϭ pyloric caeca; BW ϭ body wall; CAC ϭ coelomic amoebocyte concentration; Stim ROS ϭ bacteria-stimulated reactive oxygen species production; Unstim ROS ϭ unstimulated reactive oxygen species production. Fig. 4 . Effects of short-term transfer experiments up the Sørfjord gradient of metal contamination on immune responses of Asterias rubens. The R30 starfish, collected in the reference site (S4, see [1] for site location), were caged in the most contaminated site (S1, see [1] for site location) (black triangles indicate experimental starfish). Controls included starfish sampled in S4 at the beginning of the experiment (white circles indicate day 0 controls) and starfish collected in S4 and caged in S4 (white triangles indicate caging controls). (a) Unstimulated amoebocyte reactive oxygen species (ROS) production, (b) bacteria-stimulated amoebocyte ROS production and (c) concentration of amoebocytes in the coelomic fluid. (Mean Ϯ standard deviation, n ϭ 10). * indicates significant difference between experimentals and caging controls at a given time (i.e., significant effect of the contamination); x ϭ significant difference between caging controls and day0 controls (i.e, significant effect of caging); RLU ϭ relative light units.
Experimental contamination
The effect of in situ contamination on a short-term period was assessed by collecting R30 starfish in the reference site S4 and caging them in the most contaminated site S1 (experimental starfish). Two types of control starfish were used: Starfish collected in S4 at the beginning of the experiment (day 0 controls) and starfish collected in S4 and caged in S4 (caging controls).
The amoebocyte ROS production of caging controls was never significantly different from that of day 0 controls (p Dunnett Ն 0.135), indicating that caging the starfish did not influence this immune response (Fig. 4a and 4b) . Both unstimulated and bacteria-stimulated amoebocyte ROS productions of experimental starfish were significantly lower at days 4 and 7 compared to caging controls (p t-test Յ 0.008) (Figs. 4a and 4b) .
The concentration of amoebocytes in the coelomic fluid of caging controls was never significantly different from that of day 0 controls, except at day 2, when caging controls had a significantly lower CAC (p Dunnett ϭ 0.021) (Fig. 4c) . Hence, the CAC results at day 2 should be considered cautiously. The CAC was significantly lower in experimental starfish at days 4 and 7 (p t-test ϭ 0.012 and 0.049, respectively) and at day 24 (p t-test ϭ 0.004) compared to caging controls (Fig. 4c) .
The relationship between immune responses and metal concentrations in the same starfish were studied by factorial analysis. The ROS production and, to a lesser extent, the CAC were negatively related to the concentrations of Cd, Pb, and Zn in the pyloric caeca (Fig. 5, 47 .9% of the total variance of the data were explained by the first two factors). These negative relationships were found to be significant using regression analysis (data not shown). On the contrary, the concentrations of most metals in the body wall fell along the other axis (Fig.  5) . This is not surprising since metal concentrations in this compartment were not affected by the short-term contamination (see [1] ).
Experimental decontamination
A decontamination experiment was carried out in order to assess the recovery of immune responses of contaminated starfish when placed in uncontaminated conditions. For this purpose, starfish collected in S1 were caged in S4 (experimental white dots, metal concentrations) were used in a factor analysis using the principal component method. Plot of factor loadings for each variable (n ϭ 65). PC ϭ pyloric caeca; BW ϭ body wall; CAC ϭ coelomic amoebocyte concentration; Stim ROS ϭ bacteria-stimulated reactive oxygen species production; Unstim ROS ϭ unstimulated reactive oxygen species production.
Fig. 6. Effects of short-term transfer experiments down the Sørfjord gradient of metal contamination on immune responses of Asterias rubens.
The R30 starfish, collected in the most contaminated site (S1, see [1] for site location) were caged in the reference site (S4, see [1] for site location) (black triangles indicate experimental starfish). Controls included starfish sampled in S1 at the beginning of the experiment (white circles indicate day 0 controls) and starfish collected in S1 and caged in S1 (white triangles indicate caging controls). (a) Unstimulated amoebocyte reactive oxygen species (ROS) production, (b) bacteria-stimulated amoebocyte ROS production and (c) concentration of amoebocytes in the coelomic fluid (CAC). (Mean Ϯ standard deviation, n ϭ 10). x ϭ significant difference between caging controls and day 0 controls (i.e., significant effect of caging); RLU ϭ relative light units. starfish). Day 0 controls (collected at the beginning of the experiment in S1) and caging controls (starfish collected in S1 and caged in S1) were included. The amoebocyte ROS production of caging controls was never significantly different from that of the day 0 control (p Dunnett Ն 0.116), indicating no effect of caging (Figs. 6a and  6b ). No significant difference was found between the amoebocyte ROS production of experimental starfish and that of caging controls (p t-test Ն 0.260) (Figs. 6a and 6b) .
The coelomic amoebocyte concentration of caging controls was significantly lower at days 3 and 10 compared to day 0 controls (p Dunnett Յ 0.030). No statistical differences were found between the CAC of experimental starfish and that of caging controls (p t-test Ն 0.523) (Fig. 6c) .
DISCUSSION
The analysis of metal contaminations in the sediments and starfish in the Sørfjord were conducted in parallel to this study; detailed information on this aspect can be found in Coteur et al. [1] . These results showed that the S1 station can be considered as a hot spot while the S4 station is characterized by considerably lower metal concentrations and can thus be regarded as a reference station for this study. While S1 and S4 are clearly opposite in terms of metal contamination, the relative position of the S2 and S3 stations in this gradient varies according to the considered metal.
In the reference station S4, the concentration of amoebocytes in the coelomic fluid and the ROS production by resting amoebocytes did not differ between color forms or according to the salinity at which the starfish live. However, the ROS production in response to bacteria was higher for black starfish compared to both groups of red starfish. This could be related to physiological differences between the two color varieties indicating a higher immune responsiveness in black starfish. This can also be explained by another mechanism since B starfish in S4 were significantly more contaminated by cadmium in comparison with red starfish (mainly R30 starfish); the latter was uncontaminated in this station [1] . Indeed, it appeared that Cd concentrations were high and rather homogenous in B starfish all along the fjord. Hence, the increased ROS production for B starfish in S4 is in fact linked to a higher Cd contamination of these starfish. Since the contamination in the reference station was observed only for the concentrations of cadmium in B starfish, this would imply that Cd is responsible for the effect on the immune response. The putative Cd effect is restricted to the stimulated ROS production.
The increased concentration of amoebocytes observed in contaminated starfish along the Sørfjord could contribute to the detoxification of metals. Indeed amoebocytes could represent an efficient barrier for the transfer of metals from one starfish organ to another and are known to be eliminated out of the starfish through several organs such as the rectum, the axial organ, or the papulae when loaded with residual bodies, metals, or both [10] [11] [12] [13] [14] .
An increase in the production of ROS by A. rubens amoebocytes was demonstrated in contaminated R30 starfish along the Sørfjord. The effect was related to the concentrations of cadmium and lead in the starfish organs. The mechanism by which ROS production is increased remains unclear. Several metals are known to contribute to Fenton-like reactions ending in the production of free radicals such as hydroxyl radicals from the hydrogen peroxides produced at the surface of the membrane [15] . However, the peroxidase-luminol enhanced chemiluminescence method used in this study measures predominantly peroxides (hydrogen peroxide and peroxinitrite) instead of hydroxyl radicals [6] . Metals might act indirectly on secreted factors that regulate the ROS production response, or directly on the mechanism of ROS production. Indeed, met-als alter the cellular calcium homeostasis [16] that plays an important role in the oxidative activity of phagocytes [3] . In any case, the enhancement of ROS production probably represents a threat to the amoebocyte integrity since ROS are, by their very nature, totally nonspecific and are able to alter a wide range of self-macromolecules such as DNA or enzymes [5] .
The relative effects of salinity and resulting metal contamination of the starfish on the immunotoxicity of metals can be assessed by comparing the results obtained with red starfish collected at low and high salinity (R22-26 and R30 starfish, respectively). All tested immune responses of R30 starfish were affected in S1. Additionally, the stimulated ROS production of these starfish was also affected in S3. These effects parallel the contamination pattern of these starfish and, as a consequence, the immune responses of this starfish group showed strong correlations with metal burdens in the organs. On the other hand, R22-26 starfish were less affected since only ROS production was modulated. Moreover, the effect on ROS production was observed in the S2 station and not in the station where the starfish are the most contaminated by metals (namely, S1, [1] ). As a result, the immune responses of this starfish group showed no clear links with metal contamination of their organs. It has been suggested that R22-26 starfish pass from the low to the high salinity zone (and vice versa) and are thus regularly exposed to a salinity stress [1] . This stress might influence the relationship and sensitivity of immune responses toward the metals analyzed in this study. This would explain the absence of effects in S1 despite the high metal contamination of R22-26 starfish in this station. Martello and Tjeerdema [17] made similar observations on the abalone Haliotis cracherodii after combined exposures to salinity stress and pentachlorophenol. These authors found that pentachlorophenol inhibited the total chemiluminescent response of stimulated hemocytes at ambient salinity while no significant effect was observed at low salinity. As in our study, the low salinity alone (namely, in uncontaminated conditions) did not influence the hemocyte ROS production in abalones [17] . Hence, the salinity stress seems to influence the sensitivity of immunocyte ROS production toward contaminants. The increased ROS production in R22-26 and, to a lesser extent, in B starfish in S2 suggests that a localized input of contaminants (other than those analyzed in this study) occurred in the shallow zone in S2. The level of polychlorinated biphenyls in the sediments and starfish organs were analyzed during this study (B. Danis, Marine Biology Laboratory, Free University of Brussels, Brussels, Belgium, unpublished data) and were found to be moderate and constant along the fjord. Hence, the nature of these putative contaminants in S2 remains unclear.
In order to assess immunotoxic effects of short-term metal exposures in situ, R30 starfish from the reference station S4 were caged in the hot spot station S1. Significant accumulation occurred for cadmium, zinc, and lead in the pyloric caeca, and for lead in the body wall of transferred starfish [1] . The immune responses were affected in contaminated starfish and this effect was related to the concentrations of lead, cadmium and zinc in the pyloric caeca. However, the immune response was negatively linked (i.e., inhibited) with the pyloric caeca contamination whereas the opposite relationship (i.e., a stimulation) was found for the resident populations study in the Sørfjord. The effects on transferred starfish generally lasted only for a few days. This observation closely fits the metal accumulation kinetics in the same starfish [1] . Indeed, the concentrations of two metals, cadmium and zinc, increased sharply during the first 7 d of contamination and then progressively returned to control levels until the end of the experiment (i.e., after 24 d). It was suggested that a depuration mechanism was triggered when the concentrations of these metals (especially cadmium) reached a threshold level in the pyloric caeca. However, this protective mechanism would be overwhelmed over the longterm since cadmium is significantly accumulated in the pyloric caeca of starfish along the gradient [1] . Hence, the effects on the immune responses would follow the three-phases accumulation kinetics of metals such as cadmium: During the first days of contamination, cadmium is accumulated in the pyloric caeca, seemingly without regulatory mechanisms and this is linked with an inhibition of ROS production and a decrease in amoebocyte concentration. Afterwards, depuration mechanisms are induced; both cadmium concentrations in the pyloric caeca and immune responses return to control levels. Eventually, the protective mechanism in the pyloric caeca is overwhelmed over the long-term and the resulting cadmium accumulation is linked with a strong stimulation of both ROS production and amoebocyte concentration. The fact that the effect on immune responses is reversed between the short-term and long-term accumulation of cadmium might reflect different mechanisms of toxicity. The short-term effects would represent direct effects of metals on the amoebocytes similar to those observed during in vitro exposure studies on invertebrate immunocytes (e.g., apoptosis, cytoskeleton disorganisation, altered calcium homeostasis) (see [18] for a review), while the long-term effects would represent indirect effects of the disrupted physiology of the organism, due to a chronic and widespread accumulation of metals, which in turn acts on the immune system (e.g., via secreted factors that regulate immune responses). This discrepancy would mimic that observed between in vitro and in vivo exposure studies reported by Raftos and Hutchinson [19] . These authors suggested that in vivo effects of contaminants result from complex interactions between several components of the immune system; these interactions are of course impossible for in vitro studies on isolated immune cells. The latter would only reflect direct toxic effects on the immunocytes. An alteration of the physiology of starfish living in the head of the Sørfjord was already suggested by Temara et al. [20] who found a decrease in alkaline phosphatase activity (an indicator of the functional state of starfish) in the pyloric caeca of S1 and S2 starfish.
The possible recovery from metal effects was assessed by placing S1 starfish in uncontaminated conditions (namely, S4). Significant depuration was found for cadmium and lead in the pyloric caeca [1] . In contrast, the immune responses either remained constant or were inhibited in all caged starfish (independently of being controls or experimentals). These results suggest that S1 starfish are highly sensitive to any stress that they encounter since an effect of caging was not observed for S4 starfish (namely, the controls of the contamination experiment). The effects of metals and the high sensitivity to stress appear irreversible in the short-term (10-d period) since normal immune responses are not recovered by placing the starfish in uncontaminated conditions. This strengthens the hypothesis that the long-term effect of metals occurs by indirect pathways rather than by specific metal-amoebocyte interactions. Indeed, since indirect effects would be induced by a disrupted physiology related with a widespread accumulation of metals, a longer period of depuration leading to a decrease in the contamination of all starfish body compartments would be necStarfish immune responses in a contaminated fjord Environ. Toxicol. Chem. 22, 2003 Chem. 22, 2151 essary in order to recover normal physiological processes, including immune responses. Alternatively, the absence of a recovery could indicate a time lag between the depuration observed in this study and the resulting improvement in the functioning of immune responses.
We concluded that the immune responses of Asterias rubens are affected by metal contamination in conditions occurring in the field. The immune responses of R30 and B starfish along the metal pollution gradient were consistently linked with the contamination of these starfish by cadmium. For R22-26 starfish, which are thought to be regularly exposed to salinity stress, the effects were not linked with the metal concentrations measured in this study. Hence, salinity stress appears to influence the relative sensitivity of starfish immune responses toward metals. In R30 starfish, the effects on immune responses followed the short-term and long-term accumulation of metals in the animal organs. Some protective mechanisms temporarily protect the immune cells from metal toxicity but when the contamination is chronic and widespread, the immune responses are affected in a durable manner. Thus, the impact of metals in field conditions would occur in three phases: Short-term inhibitory effects exerted by direct action of metals on the immune cells, followed by a recovery due to the induction of protective mechanisms, and eventually, when these mechanisms are overwhelmed, indirect stimulatory effects on the immune responses would appear due to a global disruption of the animal physiology.
